INTRODUCTION
Metastatic breast cancer (MBC) is generally considered an incurable malignancy that shortens the survival of breast cancer patients. Palliative treatment, which is of limited clinical benefit, remains the most common treatment for MBC in spite of the recent advances in the management of this disease. Therefore, the median survival is only 24 to 30 months after the diagnosis of metastasis [1, 2] .
Various prognostic factors have been identified in patients with MBC. A hormone receptor (HR)-negative primary tumor, high histological grade, large tumor size, positive lymph nodes, and old age are all associated with a poor survival outcome, whereas metastases to the bones and soft tissue (as opposed to other sites) are associated with longer survival [1] [2] [3] [4] [5] [6] . The actual survival rate of individual patients differs extensively owing to the heterogeneity associated with MBC, and its prognosis and clinical course may be dependent on host factors [2, 4] . While recent molecular studies aiming for improved treatment outcome contributed towards the understanding of tumor heterogeneity and the genomic characteristics of MBC [7, 8] , this knowledge is not integrated into daily practice and confers only limited survival benefits. In contrast, intrinsic subtypes have been identified by genomic studies, which resulted in therapies tailored to each subtype such as endocrine therapy and human epidermal growth factor receptor 2 (HER2)-targeting therapies in MBC [9] .
The metastasis-free interval (MFI) is easy to determine in clinical practice and therefore eliminates the requirement for sophisticated or expensive methods. It was previously reported that MFI is associated with survival after metastasis, and Purpose: We investigated the relationships between metastasisfree interval (MFI) and tumor characteristics, and assessed the prognostic value of MFI for survival after metastasis in patients with metastatic breast cancer. Furthermore, we compared MFI among the subtypes. Methods: We identified 335 patients with postoperative tumor recurrence at distant site(s). All patients underwent curative resection and had a MFI of at least 6 months. MFI was categorized as short (< 2 years), intermediate (≥ 2 years and < 5 years), or long (≥ 5 years). Overall survival after metastasis (OSM) was estimated. Results: Patients with a shorter MFI were younger, more likely to have initial metastasis to visceral organs, and had a larger tumor with a higher stage and grade as well as a higher rate of nodal involvement at initial diagnosis. Among 136 patients with known disease subtypes, shorter MFI was associated with the triple-negative subtype while longer MFI was associated with the hormone receptor-positive/human epidermal growth factor receptor 2 negative subtype. Mortality after metastasis declined sharply with increasing MFI up to approximately 2 years, and continued gradually declining between 2 and 5 years. An MFI longer than 5 years did not add any survival benefit. MFI was a significant prognostic factor for OSM independent of nodal status, stage, metastatic site, and hormone receptor status of the metastasized cancer. Conclusion: MFI is closely related to biological characteristics of both primary tumors and their metastases, and has a prognostic value for survival after metastasis. We therefore suggest investigation into treatments targeting improvement of MFI as a potential novel strategy.
patients with a long MFI have a favorable prognosis even after metastasis [4, 5] . In addition, MFI was reported to be associated with specific tumor characteristics including estrogen receptor (ER) status, suggesting that early recurrence is more prevalent in ER-negative cancer while late recurrence is common for ER-positive cancer [10] [11] [12] . However, studies investigating the MFI associated with different MBC subtypes are limited in number.
The objectives of this study were to investigate the relationships between MFI and tumor characteristics, and to assess the prognostic value of MFI for survival after metastasis in MBC patients. Furthermore, we compared MFI among the subtypes.
METHODS

Patient selection
Between April 1989 and May 2008, 2,353 women consecutively underwent surgery for breast cancer. The main patient characteristics, administered treatments, and associated outcomes were documented in the hospital database. Of these 2,353 patients, 438 patients had MBC. Patients with distant metastases at initial assessment (n = 72) were excluded. The patients with MFI shorter than 6 months were also excluded because they were considered to have metastatic disease at initial diagnosis (n = 31). Among the remaining 335 patients identified to have developed distant metastasis after the primary operation, the disease subtypes for 136 of the patients were determined based on the results of immunohistochemistry analysis.
Immunohistochemistry
Formalin-fixed, paraffin-embedded tissue sections obtained from surgical specimens were stained with appropriate antibodies to ER (1:100 clone 6F11; Novocastra, Newcastle upon Tyne, UK), progesterone receptor (PR) (clone 16; Novocastra), HER2 (4B5 monoclonal antibody; Ventana Medical Systems, Tucson, USA), and Ki-67 (MIB-1; Dako, Glostrup, Denmark). The HER2 status was determined through membranous staining using a scoring of 0, 1+, 2+, or 3+ based on the strength of membrane staining [12] . The HER2 status was considered positive if the score was 3+, and as negative, if the score was 0 or 1+. Tumors with a score of 2+ were sent for fluorescence in situ hybridization using the PathVysion HER2 DNA Probe Kit (Abbott-Vysis, Des Plaines, USA). In order to establish the HER2 status in more of the patients, HER2 expression was evaluated using tissues from the primary tumor or the metastatic site. Ki-67 expression was determined in 92 samples as the percentage of positive tumor cells, and stratified as high or low using a cutoff of 14%.
Patients (n = 136) were classified into HR-positive/HER2-negative, HR-positive/HER2-positive, HR-negative/HER2-positive, and HR-negative/HER2-negative (i.e., triple-negative [TN]) subtypes based on their tumor expression levels of ER, PR, and HER2.
The staging was performed according to the guidelines of American Joint Committee on Cancer (AJCC), seventh edition. The modified Scarff-Bloom-Richardson grading system was used for tumor grading. Adjuvant systemic therapy and/ or radiotherapy were administered according to the standard guidelines based on patient age, primary tumor characteristics, and axillary lymph node status. Endocrine therapy was administered to patients with HR-positive tumors. A 6-month follow-up scheme was advised and if the appointment was missed, the patient was contacted and asked to make a new appointment in order to minimize the risk of failure due to lack of follow-up and to improve the accuracy of survival data. The final update to the clinical database was made in December 2013. Distant metastasis was defined as the recurrence of invasive cancer at distant organs excluding local recurrence (ipsilateral breast or chest wall) and regional recurrence (ipsilateral axillary, infraclavicular, internal mammary, or supraclavicular) and was confirmed using imaging studies and/or tissue biopsies.
The Institutional Review Board (IRB) of Gangnam Severance Hospital approved the study in accordance with Good Clinical Practice guidelines and the Declaration of Helsinki (3-2014-0048). The IRB granted a waiver for written documentation of informed consent from all participants because of the retrospective nature of the study design.
Definitions of MFI and MFI categorization
The MFI was defined as the interval between surgery and the date of diagnosis of the first distant relapse, which was longer than 6 months in each case. The MFI was then categorized as short ( < 2 years), intermediate ( ≥ 2 years and < 5 years), or long ( ≥ 5 years).
Statistical analysis
Our primary objective was to investigate the relationships between MFI and tumor characteristics. These relationships were compared using a chi-square test. One-way analysis of variation (ANOVA) was performed for comparison of MFIs among tumor subtypes. Our secondary objective was to determine the overall survival after metastasis (OSM), which was calculated from the date of the first distant metastasis to the date of the last follow-up, or until death during the followup period. The Kaplan-Meier method was used to estimate OSM, and Cox hazards regression model was used for multivariate survival analysis. In order to investigate the relationship between MFI and the risk of death associated with MBC, restricted cubic spline models, which are smoothly joined piecewise third order polynomials, were used [13] . These polynomials were fitted within intervals delimited by knots, and restrictions were placed on the resulting curve to ensure a smooth appearance at the knot points. A 3-knot analysis was performed. Using Harrell C-statistic, the concordance index (c-index) for time-to-event data was calculated, for which increasing values between 0.5 and 1.0 indicates an increase in the accuracy of the prediction [14] . These analyses were performed using SPSS version 18 (SPSS Inc., Chicago, USA) and R (http://www.r-projet.org) software. Statistical significance was determined by a p-value < 0.05 or a 95% confidence interval (CI).
RESULTS
Patient characteristics
The baseline characteristics of 335 patients with MBC obtained from our analysis are summarized in Table 1 . The median ages at diagnosis of the primary tumor and the first metastasis were 44 years (range, 22-85 years) and 47 years (range, 26-85 years), respectively. The majority of patients had tumors larger than 2 cm (72.2%), and axillary metastases (70.7%). The percentage of patients with ER-negative and HER2-positive tumors was 37.3% and 14.0%, respectively. Among the patients with known tumor subtypes, 25.7% were TN. Most patients received adjuvant chemotherapy (85.9%), whereas less than half of the patients received adjuvant endocrine therapy (48.1%) or radiotherapy (41.1%).
The where 133 patients (40.0%) had a short, and 135 patients (40.0%) had intermediate MFIs. A minority of patients (20.0%) developed metastases 5 years after the initial operation. At the time of the first distant relapse, metastasis was usually confined to a single organ (65.7%), most frequently the bone (23.9%).
Relationships between MFI and clinicopathologic characteristics
The relationships between MFI and clinicopathologic characteristics are summarized in Table 2 . Initially, we compared age at metastasis with MFI. More than half of patients aged less than 50 years at first distant relapse had a short MFI, while significantly fewer patients in the long MFI group were aged less than 50 years (p < 0.001). Patients with a long MFI were more likely to have bone metastasis, while those with a short MFI more frequently had central nervous system or lung metastasis (data not shown). When metastatic sites were only classified as bone, viscera, or both, patients with a long MFI were still more likely to show bone metastasis, while patients with a short MFI were more likely to have more visceral metastasis.
Investigation into the relationship between MFI and the tumor subtype revealed that approximately 50% of patients with a short MFI had a TN tumor, while more than half of the patients with a long MFI had HR-positive/HER2-negative tumors (p < 0.001). The mean MFI was the longest in patients with HR-positive/HER2-negative tumors, and shortest in those with TN tumors (p < 0.001) (Figure 1) . Furthermore, patients with a short MFI more frequently had larger tumors (p= 0.019), nodal involvement (p= 0.005), an advanced stage (p< 0.001), and a higher grade (p< 0.001), although Ki-67 expression in the primary tumor did not vary according to MFI (p= 0.233).
Survival outcome and the prognostic value of the MFI
The median follow-up duration was 61.0 months (95% CI, 51.7-70.3), during which 247 of the 335 patients died, giving a median OSM of 20.0 months (95% CI, 15.9-24.1). During our analysis of MFI as a continuous variable, we observed that the risk of death after metastasis declined sharply with an increasing MFI up to approximately 2 years, continued gradually declining for MFIs between 2 and 5 years, and showed no significant change for MFIs longer than 5 years ( Figure 2 ). OSM also differed significantly depending on the MFI category (p< 0.001) (Figure 3 ). Patients with a short MFI had a very poor outcome (median OSM, 9.0 months; 95% CI, 5. Table 4 ). The Harrell c indices for the models with continuous and categorized MFIs were 0.834 and 0.820, respectively.
DISCUSSION
We concluded from survival analyses that as previously reported [2, 4] , the MFI is a significant prognostic marker for survival after metastasis. We report a novel finding that continuous MFI has a prognostic value in multivariate analysis, and therefore can potentially be used to estimate the risk of death after metastasis while previous studies only reported a prognostic value for categorized MFI in multivariate models for OSM [2, 4] .
Our investigation into the relationship between MFI and tumor subtype revealed that a shorter MFI was associated with the TN subtype while a longer MFI was associated with the HR-positive/HER2-negative subtype. It was previously reported that the risk of early relapse is greater for women with ER-negative rather than ER-positive breast cancer whereas late relapses are more common in those with ER-positive rather than ER-negative disease [10] [11] [12] . In this study, we have identified a relationship between the MFI and the tumor subtype, which in turn helps to provide a biological basis for the duration of MFI.
Furthermore, we report that patients with a shorter MFI were more likely to be younger and had visceral organ metastases at the time of diagnosis. These patients often had larger tumors, a higher stage, a higher grade, and nodal involvement at initial diagnosis. We show that shorter MFI is associated with risk factors at the time of diagnosis for both the primary tumor and its metastasis, including the metastatic site. On the basis of our findings concerning the prognostic value of MFI for OSM, we suggest that upon validation of MFI as a surrogate marker of survival after distant relapse in large trials, it could be incorporated into a potential novel therapeutic strategy for the improvement of survival outcome. Current trials evaluating the effect of new therapeutic interventions aim to reduce events of recurrence or mortality. However, our findings generate a new theoretical model aiming for the prolongation of MFI regardless of decreasing metastatic events.
As previously reported, we show by producing comparable results with a longer median OSM (28.0 months) in HR-positive patients compared to HR-negative patients (12.0 months), that HR status is a prognostic factor for OSM [2, 4, 5] . Previous studies also showed that HR-positive status was associated with a reduced risk of mortality among MBC patients. Other factors affecting OSM were lymph node status (when adjusted with continuous MFI), and location of metastasis. Although our MBC patients had a higher than average tumor burden compared to other breast cancer patients, we found that the nodal status of the primary tumor was a significant prognostic factor for OSM. This may be because of the contribution of many factors towards the overall prognoses of both primary breast cancer and MBC [3, 15] . In addition to lymph node status, we also show that the location of the metastasis is a significant predictive factor for OSM. The median OSM of patients with initial bone-only metastasis was 40 months, which was longer than that of patients with multiple metastases or visceral metastasis at initial distant relapse (20.0 months and 14.0 months, respectively). The favorable OSM in patients with initial bone-only metastasis is also consistent with the findings reported in previous studies [15] [16] [17] .
We acknowledge several limitations inherent to the retrospective design of this study. Palliative treatments were not included in the survival analyses owing to their heterogeneity and information on HER2 status and subtype was missing for more than half of the patients. Consequently, the therapeutic effect of trastuzumab in the palliative or adjuvant setting was not accounted for in this study. In addition, the study was conducted on a small population of patients at a single institute that may not be representative of the general MBC patient population. Nevertheless, we found that MFI is associated with biological traits and may be helpful if used in combination with other prognostic markers.
In conclusion, our findings show that MFI is closely related to tumor characteristics of both primary tumors and their metastases, and that it is a significant prognostic factor for survival after metastasis. In conclusion, we suggest using MFI as an easy to calculate surrogate marker of survival in clinical trials.
